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ABSTRACT 

The nucleotide excision repair patliway removes 
ultraviolet (UV) photoproducts from the human 
genome in the form of short oligonucleotides 
-^30 nt in length. Because there are limitations to 
many of the currently available methods for 
investigating UV photoproduct repair in vivo, we 
developed a convenient non-radioisotopic method 
to directly detect DNA excision repair events in 
human cells. The approach involves extraction of 
oligonucleotides from UV-irradiated cells, DNA 
end-labeling with biotin and streptavidin-mediated 
chemiluminescent detection of the excised UV 
photoproduct-containing oligonucleotides that are 
released from the genome during excision repair. 
Our novel approach is robust, with essentially 
no signal in the absence of UV or a functional 
excision repair system. Furthermore, our non- 
radioisotopic methodology allows for the sensitive 
detection of excision products within minutes 
following UV irradiation and does not require 
additional enrichment steps such as immunopre- 
cipitation. Finally, this technique allows for quanti- 
tative measurements of excision repair in human 
cells. We suggest that the new techniques pre- 
sented here will be a useful and powerful 
approach for studying the mechanism of human 
nucleotide excision repair in vivo. 

INTRODUCTION 

Ultraviolet (UV) light induces the formation of DNA 
adducts, including cyclobutane pyrimidine dimers 
(CPDs), pyrimidine (6-4) pyrimidone photoproducts 



[(6^)PPs] and Dewar photoproducts, that can only be 
removed from the genome in humans by the nucleotide 
excision repair (excision repair) system (1-3). Studies 
in vitro and in vivo have shown that the UV damage is 
removed from the genome in the form of an oligonucleotide 
~24 to 32 nt in length (4-6). Six core excision repair factors 
are necessary and sufficient for the general excision process 
in humans, which include XPA, RPA, XPC, TFIIH (8-10 
proteins, including XPB and XPD), XPG and XPF- 
ERCCl (7). Mutations in many of these factors are 
found in patients with the human disease xeroderma 
pigmentosum, which is associated with an extreme sensitiv- 
ity to sunlight and a vastly elevated risk of skin cancer (8,9). 

Although nucleotide excision repair has been 
investigated extensively, and many assays have been 
developed for studying its molecular mechanism, these 
techniques often require great technical expertise, lack 
sensitivity or only indirectly measure excision repair 
events in vivo. We recently reported a method to extract 
and immunoprecipitate the short UV photoproduct- 
containing oligonucleotides from UV-irradiated human 
cells and then visualize the ohgomers by radiolabehng, 
gel electrophoresis and phosphorimaging (6). This work 
aUowed the first detection of the primary UV photoprod- 
uct-containing ohgonucleotide products of excision repair 
in vivo and validated several of the mechanistic insights 
into excision repair that had previously only been 
demonstrated in vitro. 

In this study, to avoid safety issues associated with 
radioactivity and time-consuming steps related to 
imniunoprecipitation, we now describe a convenient and 
powerful non-radioisotopic methodology for detecting 
UV photoproduct-containing ohgomers in UV-irradiated 
human cells. Importantly, these ohgomers are only 
observed following UV irradiation and in cells with a 
functional nucleotide excision repair system. We further 
show that the biotinylation/chemiluminescence method 
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that we present here is comparable in sensitivity with the 
radiolabeling method. Finally, our methodology allows 
for accurate and precise measurements of excision repair 
activity to be made within minutes of exposure of human 
cells to UV radiation. 

MATERIALS AND METHODS 

Cell lines and cell culture 

HeLa cells were obtained from the Korean Cell Line Bank 
of Seoul National University (Seoul, Korea). The Chinese 
hamster ovarian (CHO) cell hne AA8 (wild-type) and its 
derivative UV135 (XPG-deficient) were purchased from 
the American Type Culture Collection (Rockville, MD, 
USA). The human melanoma cell hne A375 was used as 
previously described (10). All cell hues were cultured in 
Dulbecco's modified Eagle's medium (Gibco) supple- 
mented with 10% fetal bovine serum at 37°C in a 5% 
CO2 humidified incubator. 

Preparation of cell lysates 

Cells grown to near confluency in 100 mm or 150 mm 
diameter plates were washed with phosphate-buffered 
saline (PBS, Gibco) and then exposed to the indicated 
doses of UV using a germicidal lamp that emits primarily 
254 nm light. U V doses were determined by using a portable 
digital radiometer (UVX Digital Radiometer UVP). After 
UV irradiation, the cells were replenished with cultured 
medium and returned to the incubator. At the indicated 
time points, the cells were washed with ice-cold PBS and 
harvested with a cell scraper. The cells were pelleted by cen- 
trifugation and then subjected to the modified Hirt proced- 
ure (1 1) or where indicated, cell lysis with a mild NP-40 lysis 
buffer (lOmM HEPES, pH 7.6, 60mM KCl, 1 niM EDTA, 
0.075% NP-40 and 1 mM DTT), radioimmunoprecipitation 
(RIPA) buffer (25 mM Tris-HCl, pH 7.6, 150mM NaCl, 
1% NP-40, 1% sodium deoxycholate and 0.1% SDS), a 
mild Triton X-100 lysis buffer (50 mM Tris, pH 8.0, 
150mM NaCl and 0.1% Triton X-100) or a strong Triton 
X-100 lysis buffer (20mM Tris, pH 7.5, 150mM NaCl, 
ImM EDTA, ImM EGTA and 1% Triton X-100). For 
the modified Hirt procedure, the cell pellets were 
resuspended in a 10 x packed cell volume of lysis buffer 
(50 mM Tris-Cl, pH 8.0, 10 mM EDTA, 1.2% SDS and 
100 i^g/ml RNase A) and incubated for 15 min at room tem- 
perature. Following addition of a one-fourth volume of 5 M 
NaCl, the mixtures were gently mixed and incubated on ice 
for 12-16 h. After centrifugation at maximum speed 
(~20 000 X g) for 1 h, the supernatants were gently 
transferred to new tubes. For cell lysis using the other 
lysis buffers, the cell pellets were resuspended in lOx 
packed cell volume of lysis buffer, incubated for 1 5 min on 
ice and centrifuged. The supernatants were then transferred 
to new tubes and processed as described later in the text. 

Purification of oligonucleotides containing UV damage 

Cell lysates were treated with O.lmg/ml of proteinase K 
(Qiagen) at 55°C for 30 min and then extracted with 
phenol/chloroform. Following ethanol precipitation, the 



pellets were washed with 70% ethanol and resuspended 
in 100 i-il of Tris-EDTA (TE) buffer (10 mM Tris-Cl, pH 
8.0, ImM EDTA). To completely remove any trace of 
contaminating RNA from the preparations, 2 ^il of 5 M 
NaCl and 50 ^g of RNase A were added to the DNA 
preparations and incubated at 37°C for 30 min. The 
RNA-free DNA molecules were then extracted by 
phenol/chloroform following treatment with 50 ng of pro- 
teinase K in the presence of 0.4% SDS. Following ethanol 
precipitation, the pellets were resuspended in TE buffer 
and then subjected to labeUng with terminal 
deoxynucleotidyl transferase. 

Labeling of purified DNAs 

For non-radioisotopic labeling, the total extracted DNA 
was incubated with 20 U of terminal deoxynucleotidyl 
transferase (New England Biolabs) and 10 nM of biotin- 
11-UTP or -dUTP (Biotium, Inc.) in 50 fil of Ix 
Terminal Transferase Reaction Buffer (New England 
Biolabs) and 0.25 mM C0CI2 at 37°C for 30 min. For radio- 
isotopic labehng, 1 |iCi of [a-^^P]-3'-deoxyadenosine 5'-tri- 
phosphate (cordycepin 5'-triphosphate, Perkin Elmer Life 
Sciences) was used in place of the biotinylated nucleotide. 
The reactions were stopped by addition of 1 |il of 0.5M 
EDTA and then incubated with 20 |ig of proteinase K in the 
presence of 0.4% SDS. Samples were then extracted with 
phenol/chloroform and precipitated in ethanol. Identical 
labeling reactions were used to prepare lOOng of 10 bp 
DNA ladder (Invitrogen) for use as a DNA ladder during 
gel electrophoresis. Quantitative measurements of excised 
ohgonucleotide generation used a 20-mer oligomer 
standard that was similarly biotinylated or radiolabeled. 

Detection of labeled oligomers 

The labeled DNAs were loaded onto 10% or 12% TBE- 
urea gels (8x8 cm) and run in 1 x Tris-Borate-EDTA 
(TBE) at 150 V. After gel electrophoresis, the DNAs 
were transferred to a modified nylon membrane that has 
a strong positive potential (Zeta-Probe membranes by 
Bio-Rad or Biodyne membrane by Pierce) in 0.5 x TBE 
buffer at 300 mA for 1 h using a wet-transfer apparatus 
(Mini Trans-Blot Cell Assembly, Bio-Rad). DNAs were 
then fixed to the membrane by UV cross-hnking (1500 J/ 
m^ of UV-C). Detection of biotin-labeled DNA was 
achieved using the Chemiluminescent Nucleic Acid 
Detection Module (Thermo Scientific). Briefly, the mem- 
branes were blocked with blocking buffer and incubated 
with horseradish peroxidase (HRP)-conjugated 
streptavidin that was diluted in blocking buffer. 
Membranes were then washed with Wash Buffer or Ix 
PBS containing 0.5% SDS and then incubated in substrate 
equiUbration buffer or a buffer containing 100 mM Tris-Cl 
(pH 9.8) and 5mM MgCU. Chemiluminescent detection 
was achieved with Luminol/Enhancer Solution (Thermo 
Scientific) or Amersham ECL Select reagent (GE 
Healthcare Life Sciences). Membranes were exposed to 
X-ray films or imaged with a Bio-Rad ChemiDoc system 
or an ImageQuant LAS 4000 Mini apparatus (GE 
Healthcare Life Sciences). The relative intensities of the 
bands were analyzed by using ImageQuant TL Software 
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(GE Healthcare Life Sciences). Radiolabeled excised 
oligonucleotides were similarly electrophoresed by urea- 
PAGE. Gels were then exposed to a phosphorimager 
screen and visualized with a GE Typhoon 
phosphorimager. 

Immunoprecipitation of excised oligonucleotides 
containing CPDs or (6-4)PPs 

Purified DNAs from the modified Hirt lysate procedure 
described earUer in the text were subjected to immunopre- 
cipitation (IP) with anti-CPD or anti-(6^) PP antibodies 
as reported previously (6). Briefly, protein G Dynabeads 
slurry (Invitrogen) and anti-rabbit Dynabeads slurry 
(Invitrogen) were mixed (5 \A each) and washed with 
Wash Buffer 1 (20 mM Tris-Cl, pH 8.0, 2mM EDTA, 
150mM NaCl, 1% Triton X-100 and 0.1% SDS). The 
beads were resuspended in 20 |il of IP buffer (20 mM 
Tris-Cl, pH 8.0, 2mM EDTA, 150mM NaCl, 1% 
Triton X-100 and 0.5% sodium deoxycholate) containing 
rabbit anti-mouse IgG (Abeam) and anti-CPD (Kamiya 
Biomedical) or anti-(6-4)PP (Cosmo Bio Co.) antibody 
(Ifil each). After incubation at 4°C for 3h, the beads 
were isolated and incubated with the purified DNA in 
100 nl of IP buffer overnight at 4°C. The beads were 
then subjected to sequential washes with Wash Buffer 1, 
Wash Buffer II (20 mM Tris-Cl pH8.0, 2niM EDTA, 
500 mM NaCl, 1% Triton X-100 and 0.1% SDS), Wash 
Buffer III (lOmM Tris-Cl pH 8.0, 1 mM EDTA, 150mM 
LiCl, 1 % NP-40 and 1 % sodium deoxycholate) and Wash 
Buffer IV (100 mM Tris-Cl pH 8.0, 1 mM EDTA, 500 mM 
LiCl, 1% NP-40 and 1% sodium deoxycholate). The 
beads were additionally washed twice with TE, and the 
oligonucleotides containing UV photoproducts were 
eluted with 100 ^il of Elution Buffer (50 mM NaHCOg, 
1% SDS and 20ng/ml of glycogen) at 65°C for 15min, 
followed by phenol/chloroform extraction and ethanol 
precipitation. The isolated oligonucleotides were 3'-end 
labeled with biotin, separated on 10% TBE-urea gels, 
transferred to a nylon membrane and detected with 
HRP-conjugated streptavidin using chemiluminescence 
reagents as described earlier in the text. 

RESULTS 

Development of a chemiluminescence-based method for 
the detection of excised UV photoproduct-containing 
oligonucleotides 

We recently reported a radioisotopic method for the 
detection of the short UV photoproduct-containing ohgo- 
nucleotides that are released from the genome during nu- 
cleotide excision repair in UV-irradiated human cells (6). 
To expand on the technique and its potential applications, 
we have now adapted the labeling method to allow for the 
chemiluminescent detection of the excised DNA oligo- 
mers. A schematic of the methodology is presented in 
Figure lA. After exposure to a UV light source, cells are 
harvested and then lysed using the method of Hirt (II), 
which allows for the extraction of small DNA fragments 
away from most of the high molecular weight genomic 
DNA in the cell. After extensive treatment with RNase 



and protease to remove RNA and proteins, respectively, 
the DNAs are 3'-end labeled with terminal transferase and 
the nucleotide analog biotin- 1 1-dUTP (or biotin- 11-UTP) 
(12). The biotinylated DNAs are then separated by 
denaturing urea-PAGE and transferred onto a nylon 
membrane. The DNAs are cross-hnked to the membrane 
and then visualized by incubation of the membrane with 
HRP-conjugated streptavidin and addition of a chemilu- 
minescent substrate. As will be shown later in the text, this 
labehng protocol is as sensitive as radiolabeling and is 
highly specific for the detection of the UV photoprod- 
uct-containing ohgonucleotide products of nucleotide 
excision repair. 

An example of this labehng approach is shown in 
Figure IB. DNA ohgomers in the range of ~20 to 30 nt 
in length are readily observed for several hours following 
the exposure of HeLa cells to lOJ/m^ of UV radiation 
(Figure IB, lanes 7-11). Importantly, DNAs within this 
size range are not found in non-irradiated cells (Figure IB, 
lanes 2-6). Higher molecular weight DNA species ~150nt 
and larger are observed regardless of irradiation and likely 
reflect contaminating fragments of genomic DNA that are 
generated during cell lysis (11). At late time points follow- 
ing irradiation (Figure IB, lane II), these larger DNAs 
begin to form a smear down the gel that is hkely due to 
the induction of apoptosis in the UV-irradiated ceUs. 

To demonstrate that these short 20-30— nt DNA oligo- 
mers are dependent on the nucleotide excision repair 
system, we compared the generation of these ohgonucleo- 
tides in the normal excision repair-proficient hamster ceU 
fine AA8 and the excision repair-deficient cell line UV135, 
which lacks the excision repair factor XPG. These results 
are shown in Figure IC. Although the smaU ohgonucleo- 
tides products are clearly observed in the AA8 cell line, 
they are completely absent in the UV135 cells. We 
conclude from these results that the exposure of mamma- 
han cells to UV results in the generation of small oUgo- 
nucleotides that are produced in a nucleotide excision 
repair-dependent manner and which can be readily 
extracted from cells and visualized by biotinylation and 
subsequent chemiluminescent detection. 

Importantly, although we have routinely used in our 
study the Hirt method to extract the small oligonucleo- 
tides from UV-irradiated ceUs, we note that our labehng 
and detection methodology is compatible with the use of 
a variety of other cell lysis buffers. As shown in 
Supplementary Figure SI, the lysis of cells with the Hirt 
method or with lysis buffers containing various combin- 
ations of non-ionic and ionic detergents yield similar 
patterns of oligonucleotides ~20 to 30 nt in length in a 
UV-dependent manner. We conclude from these results 
that there are multiple methods for extracting excised 
ohgomers from UV-irradiated human cells. This flexibihty 
should facilitate further analyses of the function and fate 
of excised oligomers during nucleotide excision repair. 

UV dose- and time-dependent generation of 
excised oligonucleotides 

We next monitored the generation of excised ohgonucleo- 
tides as a function of UV dose to determine the range of 
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Figure 1. Development of a novel non-radioisotopic method for the detection of excised oHgonucleotide products of nucleotide excision repair 
in vivo. (A) Schematic representation for the detection of excised oligonucleotides containing UV damage in human cells. UV-irradiated cells are 
harvested and subjected to DNA extraction to isolate low molecular weight DNAs. After extensive treatment with RNase and protease, the short 
DNA molecules are labeled with biotin at the 3'-end using terminal deoxynucleotidyl transferase (TdT). The biotin-labeled oligonucleotides are 
separated by gel electrophoresis and then transferred to a nylon membrane. The transferred biotin-DNA molecules are immobilized by UV cross- 
hnking, incubated with HRP-conjugated streptavidin, and detected with a chemiluminescence reagent. (B) HeLa cells were exposed to 10 J/m^ of UV- 
C and then harvested at different time points. The cells were subjected to the modified Hirt lysis and labeling procedures as in ^. The DNA marker 
(M) is a lObp DNA ladder that was labeled with biotin and loaded onto the gel. (C) CHO wild-type {AA8) and XPG-deficient {UV135) cells were 
harvested at different times after UV exposure to lOJ/m^ of UV-C. Excised oligonucleotides containing UV damage were then extracted and 
processed as described in A. 



UV doses over which the excised oligomers can be 
detected. HeLa cells were exposed to varying doses of 
UV and then harvested 30min later. Excised ohgomers 
were extracted from the cells, biotinylated and then 
detected with chemiluminescence. As shown in 
Figure 2A, even with a dose as low as 2.5 J/m^, excised 
ohgonucleotides were readily apparent in the cell lysates. 
Quantification of the dose dependence is shown in 
Figure 2B. These results show that the amount of 
excised oligonucleotide products that are generated in 
HeLa cells following UV irradiation is linearly correlated 



with the UV dose up until ~10J/m , at which point the 
generation of excised ohgomers becomes saturated. 
Although the lowest dose that we used in these experi- 
ments was 2.5 J/m^, lower UV doses also yield detectable 
signals (data not shown). Thus, the method that we 
present here for detecting excised ohgonucleotides foUow- 
ing UV irradiation can be used at low non-toxic doses 
of UV. 

To further validate our methodology and the UV dose- 
dependent generation of excised ohgomers in another 
human cell line, we performed a UV dose response 
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Figure 2. UV dose-dependent generation of excised oligonucleotides. (A) HeLa cells were treated with the indicated doses of UV-C radiation and 
then harvested after incubation for 30 min. Excised oligonucleotides containing UV damage were then extracted, 3' end-labeled with biotin, separated 
on a 10% TBE-urea gel, transferred to a nylon membrane, and detected with streptavidin-HRP conjugate using chemiluminescence reagents. 
(B) Quantitative analysis of the excision repair products from three independent experiments as in A are presented as means ± standard deviation 
(SD). The maximum values were set to 100 and the other values are presented relative to that value. (C) A375 cells were treated with the indicated 
doses of UV-C radiation and then harvested 1 h later. Excised oligonucleotides were analyzed as in A, except with a 12% TBE-urea gel. 
(D) Quantitative analysis of the excised ohgonucleotide repair products in A375 cells. 



experiment in A375 cells, which is a human melanoma cell 
line with robust nucleotide excision repair activity (6,10). 
In this cell hne, the generation of excised oligonucleotides 
did not become saturated until doses >25J/m^ were used 
(Figure 2C and D). Together with the experiments with 
HeLa cells, these results suggest that maximal generation 
of excised ohgonucleotides occurs between 10 and 25 J/m^ 
of UV-C. Importantly, this saturation range is consistent 
with other approaches that have been used to measure 
excision repair activity in human cells (13-15). These 
results further demonstrate that our method for the 
direct detection of excised ohgonucleotides may be a con- 
venient and robust approach for assaying nucleotide 
excision repair activity and capacity in a variety of 



human cell types and lines, including at low non-toxic 
doses of UV. 

We next performed time course experiments to monitor 
the presence and fate of excised ohgonucleotides as a 
function of time following UV irradiation. As shown in 
Figure 3A, excised oligomers are readily observed within 
6 min following UV irradiation of HeLa cells, which indi- 
cates that the excision repair system is able to respond 
rapidly to UV-induced DNA damage and that our meth- 
odology is sensitive enough to detect these early repair 
events. Moreover, we observe two distinct classes of 
excision products over time. At early time points following 
irradiation, the excised oligomers that are generated are 
exclusively the primary excision products '^25 to 30 nt in 
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Figure 3. Time course analysis of UV-induced excision products. (A) HeLa cells were exposed to 10J/m~ of UV-C and then harvested at various 
time points. Excised oligonucleotides containing UV damage were then extracted, 3' end-labeled with biotin, separated on a 10% TBE-urea gel, 
transferred to a nylon membrane, and detected with HRP-conjugated streptavidin and a chemiluniinescent reagent. (B) Quantitative analysis of the 
excised oligonucleotide repair products. The results from three independent experiments were quantified and are plotted (means ± standard 
deviation) relative to the maximum. 



length, which is in agreement with in vitro data that 
human nucleotide excision repair generates 24-32-nt 
long oligomers by dual incisions (4-6,16). Within 30min 
to 1 h, however, a second peak of ohgonucleotide products 
emerges that are ~20 nt in length. Based on previous 
studies, these latter products represent excised ohgomers 
that are partially degraded by cellular nucleases and 
become bound to the single-stranded DNA binding 
protein RPA (6,16). 

Both quahtative and quantitative analyses of time 
course experiments show that the peak time point for 
detecting excised oligonucleotdies is ~ 1 h following U V 
irradiation (Figure 3B). At later time points, a signifi- 
cant reduction in signal is observed among all of the 
oligonucleotides in the range of 20-30 nt in length. 
Because nucleotide excision repair on UV-damaged 
genomic DNA continues at a near hnear rate for at 
least 12 h following UV irradiation (10), the significant 
reduction in excised ohgomers that is observed at later 
time points following irradiation is not due to a signifi- 
cant reduction in activity or capacity of the excision 
repair system to process on UV-damaged DNA in chro- 
matin. Rather, these results indicate that the processing 
and degradation of the excised ohgonucleotides may be 
more efficient at later time points following UV irradi- 
ation. We also note that the absence of detectable ohgo- 
nucleotides less than ~20 nt in length may be due to 
the reduced ability of short ohgonucleotides to be 
precipitated in ethanol (17) or due to processing of 
the excised oligonucleotides by cellular nucleases that 
make the ohgomers refractory to biotinylation by 
terminal transferase. Nonetheless, excised ohgonucleo- 
tides are readily observed from a few minutes to 
several hours after irradiation. Thus, the methodology 
described here should be regarded as a powerful 
approach for studying nucleotide excision repair in 
human cells. 



Excised oligonucleotides contain CPDs and (6-4) 
photoproducts 

To verify that the excised ohgonucleotides that are 
extracted from cells following UV irradiation contain 
genuine UV photoproducts, we immunoprecipitated the 
extracted DNAs with anti-CPD and anti-(6-4)PP 
antibodies as previously reported (6) before biotinylation 
and chemiluminescent detection. A schematic of this 
approach is provided in Figure 4A. As shown in 
Figure 4B, both the anti-CPD and anti-(6-4)PP antibodies 
were capable of immunoprecipitating the excised oligo- 
mers following UV irradiation of HeLa cells. Consistent 
with the ability of cells to recognize and repair (6^)PPs 
more rapidly than CPDs (10,18,19), we observed signifi- 
cantly more (6^)PP-containing oligonucleotides than 
CPD-containing ohgonucleotides at early time points fol- 
lowing irradiation (Figure 4B and C). Furthermore, the 
lengths of the (6-4)PP-containing ohgonucleotides showed 
a strong time-dependent change, such that the primary 
fuU-length excision products were exclusively observed 
at the early 15min time point, and only degraded oligo- 
mers were observed after 2h (Figure 4B, Suppleinentary 
Figure S2). By 4 h following irradiation, when (6-4)PP 
removal from genomic DNA is complete (10), we were 
barely able to detect excised (6^)PP-containing oligo- 
mers. These results indicate that the oligomers that had 
been excised from the genome have been processed or 
degraded to the extent that they are no longer detectable 
with our labeling methodology. 

In contrast, the pattern of excised CPD-containing 
ohgomers was markedly different than the (6^)PP- 
containing oligomers. Though CPD-containing ohgo- 
nucleotides were detectable ISinin following UV irradi- 
ation, the relative abundance of CPD-containing 
ohgonucleotides continued to increase until a peak 
time point at 4h post-UV. The slower generation of 
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Figure 4. Detection of specific excised oligonucleotides containing CPDs or (6-4)PPs. (A) Scheme for the detection of excised oligonucleotides 
containing UV photoproduct. (B) HeLa cells were harvested at various time points after UV exposure to 10 J/m" of UV-C. The cells were subjected 
to the modified Hirt procedure, and the extracted oligonucleotides were then iinmunoprecipitated with anti-(6^)PPs or anti-CPD antibodies. Purified 
oUgonucleotides 3'-end labeled with biotin-ll-UTP were separated on a 10% TBE-urea gel, transferred to a nylon membrane, and detected with 
HRP-conjugated streptavidin using a chemiluininescent reagent. (C) Quantitative analysis of the CPD- and (6-4)PP-containing excised oligonucleo- 
tides products as a function of time following UV irradiation. The results from three independent experiments were quantified and are plotted 
(ineans ± standard deviation) relative to the maximum. 



CPD-containing oligomers that we observe with our 
approach is consistent with other methods that show 
that CPDs are repaired at a much slower rate than (6- 
4)PPs (10,18,19). Furthermore, the distribution of CPD- 
oligomer lengths was much more uniform throughout the 
8 h time period following UV irradiation, which indicates 
that the rate of generation and degradation of the CPD- 
containing ohgomers is closer to equilibrium for at least 8 
h foUowing UV irradiation (Supplementary Figure S2). 

We conclude from these experiments that the short 20- 
30-nt ohgomers that can be directly extracted from human 
cells foUowing UV irradiation contain UV photoproducts. 
Taken together, these results show that our methodology 
can be used to monitor specific UV photoproduct- 
containing excised oligonucleotides that are released 



from the genome during nucleotide excision repair in 
UV-irradiated human cells. 

Comparison of the radiolabeling and chemiluminescent 
detection techniques 

Because we previously reported that excised UV photo- 
product-containing oligonucleotides can be detected by 
immunoprecipitation and radiolabeling (6), and we have 
shown here that the ohgomers can also be observed 
by direct extraction and non-radioisotopic labehng 
(Figures 1-4), we next wanted to directly compare the 
two labeling methods. We therefore carried out time 
course experiments in which excised oligomers were 
directly isolated from A375 cehs at various time points 
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following UV irradiation and then either radiolabeled or 
biotinylated. As shown in Figure 5, we found that the two 
labehng methods yielded nearly identical patterns of 
excised ohgonucleotides. These results show that both 
the radiolabehng and biotinylation/chemiluminescence 
approaches can be used to detect excised oligomers with 
comparable efficiency. We would also note that there are a 
few advantages and disadvantages of each of the specific 
labeling methods. For example, strong chemiluminescent 
signals can be visualized within minutes of addition of 
the chemiluminescent substrate, whereas the comparable 
radioactive signals may take several hours to be visualized 
depending on the activity of the radiolabel. However, the 
chemiluminescent detection method requires additional 
steps following gel electrophoresis, including transfer 
and immobilization of the DNA on a nylon membrane 
and incubation with HRP-conjugated streptavidin. 
Nonetheless, in addition to potential safety issues related 
to the handling of radioactivity during labeling and sub- 
sequent processing steps, the biotinylation and chemilu- 
minescence methodology that we have developed here 
can be considered to be both sensitive and convenient. 

To further examine the sensitivity and detection ranges 
of the two labeling methods, we next exposed A375 cells to 
lOJ/m'^ of UV and then isolated the excised ohgonucleo- 
tides 1 h following irradiation. We then prepared labehng 
reactions with excised ohgonucleotides from varying 
amounts of Hirt lysate, terminal transferase and either 
a-[^^P]-3'-deoxyadenosine 5'-triphosphate or biotin- 11- 
dUTP. The products of the labehng reactions are shown 
in Figure 6A. To calculate the absolute amount of excised 
ohgonucleotides that are generated during repair and that 
can be visuahzed with each labehng technique, we 
included defined amounts of a 20-mer oligouLicleotide 
standard in our analyses that had similarly been either 
biotinylated or radiolabeled. 

We found that both labehng methods yielded similar 
results and showed a hnear range of detection when Hirt 
lysate-extracted DNAs from between '^1 x 10^ and 1 x 10* 



cells were used in the labehng reactions. When DNA from 
>1 X 10* cells was used in the labehng reaction, there was 
no longer an increase in the signal that was observed. 
These results indicate that a maximum of 100-130 fmol 
of excised ohgoniers can be labeled and visualized in a 
standard reaction. When excised oligonucleotides from 
fewer than ~1 x 10^ ceUs were used, the signals were dif- 
ficult to detect. We conclude from these results that both 
the radiolabehng and biotinylation/chemiluminescence 
approaches can be used with comparable effectiveness 
for the detection and quantification of the excised UV 
photoproduct-containing oligomer products of nucleotide 
excision repair in human cells. 

Importantly, the quantitative measurements of excision 
product generation in Figure 6 also aUow us to determine 
the absolute number of excised ohgomers that can be 
detected in UV-irradiated human ceUs. For example, by 
using data within the hnear range of detection in Figure 6, 
we calculate that there are ~80 000 excised oligomers per 
A375 cell that are recoverable and detectable with our 
methodology 1 h following exposure to lOJ/m^ of UV 
(Supplementary Figure S3A). Using this value as a 
standard, we can convert the data in time course data 
in Figure 5 into the actual number of molecules of 
UV photoproduct-containing oligonucleotides that are 
released and that are recoverable with our methodology 
at each time point following irradiation (Supplementary 
Figure S3B). Based on our previous measurements of 
CPD and (6-4)PP repair in this ceU line by immunoslot 
blot analysis (10), the amount of genomic DNA that is 
present in each aneuploid A375 cell (15 pg), the number 
of UV photoproducts that are generated in the genome 
with lOJ/m^ of UV [1 photoproduct per 10 kb of DNA; 
80% CPDs and 20% (6^)PPs] (20), we can then calculate 
the cumulative number of UV photoproduct-containing 
ohgonucleotides that are actually released from the gen- 
ome following irradiation (Supplementary Figure S3C). 
We can then directly compare these values with the 
numbers of excised oligomers that we can detect with 
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our new labeling methodology at each time point follow- 
ing irradiation (Supplementary Figure S3D). Interestingly, 
although >90% of the excised ohgonucleotides that are 
released from the genoine within 1 5 min of U V irradiation 
are recoverable and detectable with our Hirt extraction 
and labehng technique, this recovery rapidly decreases as 
a function of time (Supplementary Figure S3E), such that 
by 2h following irradiation we can detect <20% of the 
excised oligomers that have actually been released from 
the genome. This low recovery is presuinably due to the 
relatively rapid rate at which excised oligomers are 
degraded by cellular nucleases following UV irradiation 
(Figures 3-5), which may become more efficient foUowing 
irradiation. These quantitative results therefore suggest 
that the methods we present here for detecting the 
excised oligomer products of nucleotide excision repair 
should be a useful technique for both quahtative and 
quantitative measurements of excision repair in huinan 
cells, particularly at early time points following 
irradiation. 



DISCUSSION 

A variety of methods have been developed over the past 
few decades for studying human nucleotide excision 
repair. Radionucleotides have been widely used both 
in vitro and in vivo for monitoring the release of UV 
photoproducts from DNA (4,6,21-27) and for measuring 
the DNA synthesis that takes place to fill in the gap in 
the DNA that is left following excision of the damage 
(8,28-31). Though chemiluminescence-based assays using 
biotinylated nucleotides have been developed for 
measuring repair synthesis (29,32), biotin labeling and 
chemiluminesceiice detection have not previously been ex- 
ploited for directly following the excised oligonucleotide 
products of excision repair. Since the development of 
specific antibodies for CPDs and (6-4)PPs, immunological 
approaches (ELISA, slot blot and fluorescence 



microscopy) have become some of the most routinely 
used methods for monitoring UV excision repair in vivo 
(10,19,33). These approaches offer a number of advan- 
tages, including the abihty to use high-throughput and 
microplate formats (34). However, a limitation of the clas- 
sical immunological methods is that they are dependent on 
monitoring the loss of strong UV photoproduct signals 
from genomic DNA as a function of repair time. Even 
relatively low doses of UV generate hundreds of thou- 
sands of UV photoproducts throughout the genome, and 
these immunocheniical-based DNA repair assays lack the 
sensitivity to measure the relatively small number of repair 
events that take place within minutes following irradi- 
ation. These techniques also do not directly demonstrate 
that UV photoproducts are removed from the genome in 
the form of ~30-nt-long oligonucleotides. 

Our new methodology to directly visualize the small 
excised UV photoproduct-containing oligonucleotide 
products of excision repair therefore offers a number of 
advantages that should facihtate its addition to the reper- 
toire of available DNA repair assays. First, the labehng 
methods that we presented here yield virtually no back- 
ground signal in the absence of UV irradiation (Figure IB) 
or in the absence of nucleotide excision repair function 
(Figure IC). Moreover, the ainount of excised oligo- 
nucleotides that are generated in our assays is directly 
correlated with biologically relevant doses of UV 
(Figure 2), and the saturation of excised ohgomer gener- 
ation that we observe occurs at the same UV doses that 
other methods have also shown to saturate the excision 
repair system (13-15). Iinportantly, the generation of 
excision products following UV irradiation is also remark- 
ably rapid, such that a robust clearly detectable signal is 
observable with minutes following irradiation (Figure 3). 
The abihty to immunoprecipitate oligonucleotides 
that contain specific UV photoproducts proves that the 
ohgonucleotide products contain genuine photoproducts 
(Figure 4), which should allow any differences that exist in 
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CPD, (6^)PP and Dewar isomer repair product process- 
ing to be investigated in greater detail in the future. 
Similarly, we envision that the sequencing of these 
excised oligonucleotides will allow for the mapping of 
excised oligomers to their initial locations in the genome 
and for examining the different repair rates of unique 
bipyrimidine photoproduct-containing sequences (35). 
Lastly, our data show that the radiolabeling and chemilu- 
minescence detection methods are quite comparable in 
sensitivity (Figure 5) and allow for quantitative measure- 
ments of nucleotide excision repair to be made in a variety 
of different in human ceU lines (Figure 6). Though we 
focused on the repair of UV photoproducts here, we 
would note the chemiluminescence excision assay does 
not depend on the availabihty of damage-specific 
antibodies and can likely be used for any damage that 
is repaired by the nucleotide excision repair system, 
including DNA adducts induced by cisplatin and 
benzo[a]pyrene. We therefore conclude that there are a 
number of features of our methodology that should facih- 
tate its application for the study of human DNA excision 
repair in vivo alongside other commonly used techniques. 
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